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1
CARBON DIOXIDE DECOMPOSITION

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to carbon dioxide decom-
position and, more particularly, to carbon dioxide decompo-
sition such as can be applied to carbon dioxide-containing
emissions such as from apparatus such as furnaces, engines,
boilers and the like.

2. Discussion of Related Art

Many methods have been developed to mitigate CO, emis-
sions, including chemical, photochemical, and biological
methods, for example. Tamaura et al. have reported that that
oxygen-deficient Fe;O,_ g can decompose CO, to C with an
efficiency of nearly 100% at 290° C. Such report provided a
new way to deal with the reduction and utilization of CO,.
Subsequently, the binary spinel structure of MFe,O, 4
(M=transition metals) had been systematically investigated
to decompose CO, to C at about 300° C. Many papers have
studied CO, decomposition over completely reduced ferrite.
The CO, decomposition reaction involves reduction of ferrite
to oxygen-deficient structure by hydrogen and oxidation of
the reduced ferrite by CO,. A significant problem with this
approach, however, has been that carbon formation blocks
continuous CO, decomposition and the catalyst needs to
regenerate by hydrogen to produce oxygen deficient magne-
tite.

In view of the above, there has been a need and a demand
for techniques and associated apparatus or devices for miti-
gating CO, emissions that facilitate or otherwise permit con-
tinuous or near continuous operation or practice.

SUMMARY OF THE INVENTION

A general object of the invention is to provide transforma-
tional methods to mitigate CO, emissions.

A more specific objective of the invention is to overcome
one or more of the problems described above.

One aspect of the invention relates to methods that ther-
mally catalytically decompose carbon to useful CO (such as
can be used as or for a fuel) and oxygen.

A method for producing CO and O, from CO, in accor-
dance with one embodiment involves introducing a supply of
CO,-containing gas to a first surface of a CO, permeable
porous media or layer so that CO, permeates through the
media or layer to separate at least a portion of the CO, from
other species in the CO,-containing gas supply. The separated
CO, contacts an oxygen-deficient ferrite material on a mixed
perovskite powder disposed on a second surface, opposite the
first surface, of the CO, permeable porous media or layer at
decomposition reaction conditions to produce CO and O,.

In accordance with another aspect of the invention, meth-
ods for treating exhaust gases from a CO, exhaust gas-pro-
ducing apparatus are provided. In one embodiment, such a
method involves introducing the exhaust gases to a CO, per-
meable porous media or layer so that CO, permeates through
the media or layer to separate at least a portion of the CO,
from other apparatus-produced exhaust gases. An oxygen-
deficient ferrite material disposed on an outer surface of the
CO, permeable porous media or layer is subsequently con-
tacted with the separated CO, at decomposition reaction con-
ditions to produce CO and O,. The CO and/or the O,, in whole
or in part, if desired can be returned to the CO, exhaust
gas-producing apparatus, e.g., a burner, such as to serve to
increase fuel combustion efficiency such as via increased
oxygen content in the process line.
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In another aspect of the invention, a device is provided for
treating exhaust gases from a CO, exhaust gas-producing
apparatus. In accordance with one embodiment, such adevice
includes a CO, permeable porous media comprising a mixed
conducting perovskite catalyst. In accordance one particular
embodiment, a suitable CO, permeable porous media may
have or take a planar form. In another embodiment, a suitable
CO, permeable porous media may have or take a tubular
form. An oxygen-deficient ferrite material is disposed on
outer surface of the CO, permeable porous media. A catalyst
effective to prevent carbon deposition is desirably incorpo-
rated in or with the oxygen-deficient ferrite material. The CO,
permeable porous media forms or includes an entrance for
introducing the exhaust gases from a CO, exhaust gas-pro-
ducing apparatus and an exit for passage of non-CO, gases.

Other objects and advantages will be apparent to those
skilled in the art from the following detailed description taken
in conjunction with the appended claims and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of a process for CO,
decomposition on an oxygen deficient ferrites (ODF)/mixed
ceramic conductor in accordance with one aspect of the
invention.

FIG. 2 is a schematic representation of oxygen transport
through a dense perovskite membrane in accordance with one
aspect of the invention.

FIG. 3 is a graphical presentation showing the temperature
dependence of the total conductivity of SrCo,  Fe,,O; 4
(SCF) and SCFNbD in air.

FIG. 4 is a diagram of a CO, decomposition device in
accordance with one aspect of the invention.

FIG. 5 is a schematic representation of the CO, decompo-
sition device shown in FIG. 4.

DESCRIPTION OF PREFERRED
EMBODIMENTS

As described in greater detail below, the invention advan-
tageously can be used or applied to convert carbon dioxide to
useful fuel and oxygen utilizing heat, such as can be provided,
result or be a part of exhaust from or by a CO, exhaust
gas-producing apparatus. The CO, decomposition generates
CO and oxygen, which carry waste heat to the combustion
chamber for further reaction. Such processing can desirably
recover energy from the waste heat and also increase com-
bustion efficiency such as due to or through increases in
oxygen concentration.

Moreover, those skilled in the art and guided by the teach-
ings herein provided will understand and appreciate that the
invention can be practiced with or in conjunction with various
CO, exhaust gas-producing apparatus such as including but
not necessarily limited to combustion engines, solar concen-
trators, furnaces, boilers, steel refineries, glass smelters, alu-
minum mills and the like.

In accordance with one preferred aspect of the invention,
there is provided a method to decompose carbon dioxide to
useful CO fuel and oxygen catalytically at mid-range tem-
perature (i.e., at a temperature below 700° C., preferably at a
temperature in a range of 300° C. to 450° C.). Such a method
includes or involves:

(1) CO, separation from exhaust gases;

(2) CO, dissociation on an oxygen deficient catalyst to CO
and oxygen anion (O*7) on the oxygen deficient ferrites
(ODF); and
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(3) Oxygen formation via two oxygen anions losing elec-
trons to form oxygen, with return of electrons to the ferrite
catalyst:

CO,+2MZ> —=CO+O?>+2M3*
207 +4M>* =0, +4M>*

2C0,—=2C0+0, Net reaction:

where M=Fe, Co, Ni or the like.

A ceramic substrate is desirably incorporated or used to
transport CO, to the ODF catalyst surface and decompose the
CO, to CO and oxygen anion. To prevent or avoid carbon
deposition, a suitable catalyst effective to prevent carbon
deposition can desirably be incorporated in or with the oxy-
gen-deficient ferrite material. For example, Rh catalyst can be
incorporated or used to prevent or avoid carbon deposition.
Those skilled in the art and guided by the teachings herein
provided will, however, understand and appreciate that other
suitable catalyst materials such as known to those skilled in
the art can similarly and correspondingly incorporated or
used.

A mixed conducting perovskite catalyst can be used as a
support for the ODF and Rh to perform a micro-cell redox
reaction, in which oxygen anion loses electrons to be oxygen
gas and magnetite metal ion gains electrodes. Similar micro-
cell redox reactions have previously been known in the field
of corrosion protection.

Turning to FIG. 1 there is shown a schematic representa-
tion of a process, generally designated by the reference
numeral 10, for CO, decomposition on an oxygen deficient
ferrites (ODF)/mixed ceramic conductor in accordance with
one aspect of the invention.

As shown in FIG. 1, CO, is desirably continuously decom-
posed by heat. The oxygen deficient ferrite catalyst 12
removes one oxygen from CO, to form CO gas and an oxygen
anion by obtaining two electrons from the catalyst. The oxy-
gen anion transports through the mixed ceramic conductor 14
to the surface 16. Two of the oxygen anions lose electrons to
form oxygen gas. The electrons lost by the oxygen anions, in
turn, flow back to the catalyst such as to be used again to
produce additional oxygen gas. Thus, the overall process
reaction is the conversion of CO, to CO and oxygen by heat.
In accordance with one embodiment, the ODF catalyst is
desirably deposited on the mixed conductor ceramic support
surface such that the two parts are adjacent, adhere or other-
wise neighbor each other. The Rh or other carbon deposition
preventing or avoiding catalyst material, such as in nano-
particle form, can be disposed on or between the ODF and/or
on ceramic particles. Therefore the synergistic reactions of
CO, decomposition and O, formation can occur simulta-
neously.

For example, in an embodiment utilizing a ceramic mem-
brane for CO, transport, the mixed conductor ceramic powder
can be inserted or otherwise included in or with the porous
layer or media (e.g., tube) to form a CO, transport membrane
and the ODF then deposited on the membrane. In such an
embodiment, the ODF and the ceramic powder are also adja-
cent.

As described in greater detail below, an alternative embodi-
ment to such use of a ceramic mixed conductor powder CO,
transport membrane embodiment is the use of a eutectic car-
bonate CO, transport membrane.

Cation excess oxygen deficient ferrites can be made by a
mixed ion co-precipitation method to form MFe,O, 5
(M=transition metals, 8 is the oxygen deficient number).
Those skilled in the art and guided by the teaching herein
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provided will, however, understand and appreciate that other
suitable methods or techniques such as known in the art may
be used and that the broader practice of the invention is not
necessarily limited by or to specific methods or techniques for
preparing or forming oxygen deficient materials.

The mixed conductor ceramic support can be synthesized
from commercial available perovskite powders such
as La, ,Sr.CoO, 4 (LSC) and SrCo, sFe, ,0; 5 (SCF), for
example. The mixed ceramic conductor powder can be used
as a substrate to deposit the ODF catalysts and, if desired, a
suitable catalyst material such as effective to prevent carbon
deposition particularly at low temperature. For example, the
incorporation or presence of the chemical element rhodium
(Rh) such as in a relative amount of 0.5 to 2 composition
weight percent can desirably serve to avoid or prevent carbon
formation, particularly at temperatures less than 850° C.
Those skilled in the art and guided by the teaching herein
provided will again, however, understand and appreciate that
other suitable catalyst materials effective to prevent carbon
deposition can be used and that the broader practice of the
invention is not necessarily limited by or to the inclusion of
specific or particular catalyst materials to avoid or prevent
carbon formation.

Turning to FIG. 2, there is shown a schematic representa-
tion of oxygen transport through a dense perovskite mem-
brane in accordance with one aspect of the invention. The
overall mechanism, generally designated by the reference
numeral 210, shows a membrane 212 having an air side 214,
with a relative high P ,,, and a sweep side 216, with a relative
low P,.

As will be appreciated by those skilled in the art and guided
by the teachings herein provided, temperature can be and
typically is very important in and oxygen transport. More-
over, the temperature for the CO, decomposition should pref-
erably be compatible with the mixed conductor for oxygen
anion transport/recombination to oxygen. The mixed ceramic
conductor substrate should also preferably have good electri-
cal conductivity for both electron and ions transport. FIG. 3 is
a graphical presentation showing the temperature depen-
dence of the total conductivity of SrCo,, ;Fe, ,O;  (SCF)and
SCFND 1in air, where the temperature range is from 100 to
600° C.

The exhaust gases provided or resulting from combustion
processing typically, in addition to CO,, include various
impurities. However, to retain and maintain the catalyst per-
formance and lifetime for the CO, decomposition reaction/
process, such reaction/process desirably employs a suffi-
ciently good quality of CO,, e.g., CO, without the presence of
sufficient impurities from CO, sources such as may undesir-
ably poison or otherwise harm or disrupt the effectiveness or
efficiency ofthe CO, decomposition catalyst materials. Com-
mon ortypical impurities that may be present in exhaust gases
provided or resulting from combustion processing may
include soot, fine particulates unburned fuel or oil and the
like. Thus, in a preferred practice of the invention, a CO,
permeable porous media or layer is used for CO, transport to
the ODF/SCF catalyst surface. CO, permeable media have
been well investigated at elevated temperatures. Membrane
separation for CO, capture has been studied in both pre-
combustion gases and post-combustion gases. Most common
CO, separation membrane materials are organic polymers,
which typically work best at temperatures below 200° C.
Significant efforts have been directed towards the use of inor-
ganic membranes for CO, separation and some such mem-
branes exhibit high CO, perm-selectivity and permeance.
Unfortunately, at higher temperatures, the CO, selectivities
of these inorganic membranes typically decrease signifi-
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cantly. Since the separation by these microporous inorganic
membranes is typically based mainly on the mechanism of
preferential adsorption of CO, on the membrane material, the
CO, selectivities for such membranes commonly diminish at
high temperatures (>400° C.). Inrecent years, however, dense
dual phase inorganic membranes that exhibit an infinite selec-
tivity for CO, over N, or H, at temperatures above 500° C.
have been developed. These kinds of membranes generally
include a porous inorganic phase and a molten carbonate
phase. The inorganic phase serves as a porous support and
also as an electron and/or oxygen ion conductor. A molten
carbonate phase such as of Li/Na/K can be introduced into the
porous support. At high temperature, the CO, can transport
through the dual-phase membrane as a carbonate-ion (CO,>7)
under the driving force of the CO, partial pressure gradient.
Table 1 lists examples of suitable eutectic carbonates for such
duel phase CO, transport.

TABLE 1

Select eutectic carbonates and their melting temperature

Composition (mol %)

Eutectic Mixture A B Melting Point (° C.)
Li,CO3-K, CO; 62 38 488
Li,CO5-K,CO;4 43 57 498
Li,CO;3-Na,CO3-K,CO, 43.5 315 397

A suitable support for such eutectic carbonates and
ceramic powders can be formed or made of a porous media
such of stainless steel, ceramic alumina, carbon fiber com-
posite, glass fiber composite, or the like suitably selected
dependent on factors such as mechanical sealing, cost, CO,
transport and the like parameters or requirements.

Turning now to FIG. 4 and FIG. 5, FIG. 4 shows a CO,
decomposition device, generally designated by the reference
numeral 410, in accordance with one aspect of the invention
and FIG. 5 is a schematic representation of the CO, decom-
position device 410 shown in FIG. 4. While FIG. 4 and FIG.
5 depict the CO, decomposition device 410 in a context of an
engine with an associated catalytic converter, those skilled in
the art and guided by the teachings herein provided will
understand and appreciate that the broader practice of the
invention in not necessarily so limited, as the invention can be
appropriately applied to other CO, exhaust gas-producing
apparatus, as well.

The device 410 is generally composed of a housing 412
through which a conduit or tube 414 is passed. The conduit or
tube 414 includes at least a CO, permeable porous tube sec-
tion 416 contained or otherwise appropriately enclosed
within the housing 412. The conduit or tube 414 includes or
has an entrance 420 to permit the introduction of exhaust
gases from a CO, exhaust gas-producing apparatus. The con-
duit or tube 414 also includes or has an exit 422 for passage of
residual gases including non-CO, gases from the originally
introduced exhaust gas.

Atleasta portion and, in accordance with one embodiment,
all or nearly all of the CO, permeable porous tube section 416
contained or otherwise appropriately enclosed within the
housing 412 has or includes a catalyst material such as in the
form of a partial or complete layer or coating 426 disposed on
an outer surface 430 thereof. As discussed above, such a
catalyst material can desirably be composed of ODF, prefer-
ably with or including a suitable catalyst material such as
effective to prevent carbon deposition such as Rh on or with
a mixed conducting perovskite catalyst. As shown, the
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decomposition products, e.g., CO and O,, are desirably cap-
tured or retained via the housing 412 and can, if desired, be
returned to the engine or otherwise appropriately processed.

While concentration differences can generally serve as the
principle driving force for the CO, transport, in practice the
flue gas back pressure can also serve as a driving force for the
CO, transport. Furthermore, the eutectic membrane can
desirably have a very high CO, permeability. Moreover, in
accordance with one embodiment, as the porous media of the
subject device has a thin smooth layer (for example a fine
alumina coating layer) on the surface, any particulate fouling
effect can and desirably will be reduced. The inclusion and
use of eutectic-based membrane can also provide or result in
various functional type of advantages including relating to
adsorption, reaction, and desorption, for example.

Different combustion processes typically have or exhibit
correspondingly different exhaust gas temperatures. For
example, a two-stroke engine may typically produce or form
an exhaust gas at or with a temperature of approximately 450°
C. For a natural gas fired furnace, the flue gas temperature
typically changes with the gas composition.

In the practice of the subject technology, temperatures in a
range of 200° C. to generally less than 700° C. are generally
preferred, as at low temperatures, the time required for CO,
transport through the porous membrane and the CO, decom-
position reaction may be unsuitably prolonged.

An increase of oxygen concentration can desirably serve to
increase the combustion efficiency. The air used most com-
monly in industrial combustion processes as an oxidizing
agent, has a high nitrogen content (e.g., 78-79%). In a fuel
combustion process, nitrogen generally acts as useless ther-
mal ballast. That is, during air-fuel combustion, the chemi-
cally inert nitrogen in the air dilutes the reactive oxygen and
carries away some of the energy in the hot combustion
exhaust gas. An increase of the oxygen content in the com-
bustion air can act or serve to reduce the energy loss in the
exhaust gases and increase the heating system efficiency. For
example, previously identified benefits associated with or
resulting oxygen-enriched combustion can include:

Increase efficiency. The flue gas heat losses are reduced
because the flue gas mass decreases as it leaves the
furnace. There is less nitrogen to carry heat from the
furnace.

Lower emissions. Certain burners and oxy-fuel fired sys-
tems can achieve lower levels of nitrogen oxide, carbon
monoxide, and hydrocarbons.

Improve temperature stability and heat transfer. Increasing
the oxygen content allows more stable combustion and
higher combustion temperatures that can lead to
improved or better heat transfer.

Increase productivity. When a furnace has been converted
to be oxygen-enriched, throughput can be increased for
the same fuel input because of higher flame temperature,
increased heat transfer to the load, and/or reduced flue
gas.

Thus, the invention desirably provides techniques or meth-
ods and associated apparatus or devices for mitigating CO,
emissions that facilitate or otherwise permit continuous or
near continuous operation or practice.

The invention illustratively disclosed herein suitably may
be practiced in the absence of any element, part, step, com-
ponent, or ingredient which is not specifically disclosed
herein.

While in the foregoing detailed description this invention
has been described in relation to certain preferred embodi-
ments thereof, and many details have been set forth for pur-
poses of illustration, it will be apparent to those skilled in the
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art that the invention is susceptible to additional embodiments
and that certain of the details described herein can be varied
considerably without departing from the basic principles of
the invention.

What is claimed is:

1. A method for producing CO and O, from CO,, said
method comprising:

introducing a supply of CO,-containing gas to a first sur-

face of a CO, permeable porous media so that CO,
permeates through the media to separate at least a por-
tion ofthe CO, from other species in the CO,-containing
gas supply:

contacting the separated CO, at decomposition reaction

conditions with an oxygen-deficient ferrite material on a
mixed perovskite powder disposed on a second surface
of'the CO, permeable porous media to produce CO and
0,.

2. The method of claim 1 wherein said CO, permeable
porous media comprises a membrane of ceramic, eutectic
carbonate or both.

3. The method of claim 1 wherein the permeable porous
media comprises a mixed conducting perovskite catalyst.

4. The method of claim 3 wherein the mixed conducting
perovskite catalyst comprises a Group VIII metal selected
from the group consisting of Fe, Co and Ni.

5. The method of claim 1 wherein the CO, permeable
porous media comprises an outer surface whereon the oxy-
gen-deficient ferrite material is disposed.

6. The method of claim 5 wherein a catalyst effective to
prevent carbon deposition is incorporated with the oxygen-
deficient ferrite material.

7. The method of claim 6 wherein the catalyst effective to
prevent carbon deposition comprises Rh.

8. The method of claim 7 wherein a mixed conducting
perovskite catalyst forms a support for both the oxygen-
deficient ferrite material and Rh as well as to catalyze micro-
cell redox reaction whereby O~ react to form O,.

9. The method of claim 1 wherein the decomposition reac-
tion conditions include operation at a temperature of less than
700° C.

10. The method of claim 9 wherein the decomposition
reaction conditions include operation at a temperature in a
range of 300° C. to 450° C.

11. The method of claim 1 wherein the supply of CO,-
containing gas introduced into the CO, permeable porous
media comprises a portion of a quantity of apparatus-pro-
duced exhaust gases introduced to the CO, permeable porous
media.

12. The method of claim 11 wherein the exhaust gases are
produced by an apparatus selected from the group consisting
of a furnace, an engine and a boiler.
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13. A method for treating elevated temperature exhaust
gases from a CO, exhaust gas-producing apparatus, said
method comprising:

introducing the elevated temperature exhaust gases to a
CO, permeable porous media so that CO, permeates
through the media to separate at least a portion of the
CO, from other apparatus-produced exhaust gases;

contacting an oxygen-deficient ferrite material disposed on
an outer surface of the CO, permeable porous media
with the separated CO, at decomposition reaction con-
ditions to produce CO and O,.

14. The method of claim 13 wherein said contacting of the
oxygen-deficient ferrite material disposed on the outer sur-
face of the CO, permeable porous media with the separated
CO, at decomposition reaction conditions to produce CO and
O, comprises:

first contacting the oxygen-deficient ferrite material dis-
posed on the surface of the CO, permeable porous media
with the separated CO, to produce CO and O*~ and

second contacting a micro-cell redox reaction catalyst with
the O~ at redox reaction conditions to produce O,.

15. The method of claim 13 wherein the CO, permeable
porous media comprises a mixed conducting perovskite cata-
lyst comprising a metal selected from the group consisting of
Fe, Co and Ni and wherein a catalyst effective to prevent
carbon deposition is incorporated with the oxygen-deficient
ferrite material.

16. The method of claim 15 wherein a mixed conducting
perovskite catalyst forms a support for both the oxygen-
deficient ferrite material and the catalyst effective to prevent
carbon deposition as well as to catalyze micro-cell redox
reaction whereby O®~ react to form Q..

17. The method of claim 13 wherein the decomposition
reaction conditions include operation at a temperature of less
than 700° C.

18. The method of claim 17 wherein the decomposition
reaction conditions include operation at a temperature in a
range of 300° C. to 450° C.

19. The method of claim 13 wherein the CO, exhaust
gas-producing apparatus is selected from the group consist-
ing of a furnace, an engine and a boiler.

20. A device for treating exhaust gases from a CO, exhaust
gas-producing apparatus, said device comprising:

a CO, permeable porous media comprising a mixed con-
ducting perovskite catalyst, the CO, permeable porous
media having an outer surface whereon the oxygen-
deficient ferrite material is disposed and incorporates a
catalyst effective to prevent carbon deposition,

the CO, permeable porous media having an entrance for
introducing the exhaust gases from a CO, exhaust gas-
producing apparatus and an exit for passage of non-CO,
gases.



